1. Introduction {#sec1}
===============

Gas-phase infrared spectroscopy is a continuously developing method for the structural determination of biological molecules under isolated conditions. Vibrational or infrared spectroscopy brings detailed insights into the 3-dimensional structure of molecules and the intra- and intermolecular interactions via diagnostic vibrational modes.^[@ref1],[@ref2]^ Due to the close relationship between structure and structural changes with biomolecular function, IR action spectroscopy has been extensively applied to probe gas-phase structural details of a large variety of molecules and clusters such as peptides and proteins,^[@ref3]−[@ref16]^ DNA bases,^[@ref17]−[@ref22]^ glycans,^[@ref23]−[@ref30]^ molecular motors,^[@ref31]−[@ref34]^ metal complexes,^[@ref35]−[@ref38]^ solvent clusters,^[@ref39]−[@ref51]^ and astrochemical molecules.^[@ref52]−[@ref57]^

Traditionally, IR spectroscopy probes the fingerprint signatures focusing mainly on the amide II (NH bend), amide I (C=O stretch), and amide A (NH stretch) modes in the 1000--2000 cm^--1^ and 3300--3800 cm^--1^ region, see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Recently, IR action spectroscopic experiments have advanced into the far-IR and THz regime. The terms far-IR and THz are often used interchangeably, although strictly speaking the definition of THz spectroscopy is limited to 10--100 cm^--1^ (0.3--3 THz). Here, no such distinction will be made and the term far-IR is used for the full 10--800 cm^--1^ (0.3--24 THz) region. In this far-IR region, large amplitude and collective motions are probed such as backbone torsional vibrations, out-of-plane modes, and hydrogen bond dynamics ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref13]^ The rotational and vibrational transitions in molecules, collective vibrations in condensed-phase media, or low-energy excitations and carrier dynamics in electronic materials can be studied using this part of the electromagnetic spectrum.^[@ref58]^ This diversity in physical properties makes it a scientific field with great potential. For example, in solid state physics, the far-IR/THz frequencies correspond to physical phenomena of electronic materials including electron transport in semiconductors, nanomaterials, and correlated electron materials. THz radiation can be used to probe these electronic materials without the need of making contacts, which is particularly important for nanomaterials.^[@ref59],[@ref60]^ Other applications are more analytical in nature; here, the low-frequency vibrations in molecules are probed to identify an unknown substance. This approach can for example be applied to identify explosives and illegal drugs in a security setting, as many explosives and drugs have a unique THz fingerprint.^[@ref61],[@ref62]^ The most recent developments in condensed phase THz spectroscopy focus on imaging. By using spatially broad THz pulses, two-dimensional images can be recorded within seconds.^[@ref63]^ Since the THz/far-IR vibrational modes function as fingerprints for many molecules, the resulting two-dimensional images are molecule specific. These studies have also been extended to the imaging of brain tumors in rats and other tissues.^[@ref64],[@ref65]^

![Signatures of common far- and mid-infrared vibrational modes, categorized by their delocalized (top) or localized character (bottom). An indication for the effect of hydrogen bonding on the frequency of modes is given by a gray scale: ranging from weak (light gray) to strong (black) hydrogen bonds.](cr9b00547_0001){#fig1}

In the study of biomolecular structure, far-IR action spectroscopy adopts a unique position as the frequency range which is probed in this part of the electromagnetic spectrum corresponds predominantly to delocalized modes, providing structural information beyond the local view provided by the mid-IR. This makes it a diverse tool for the study of biomolecules in different media.^[@ref66]−[@ref68]^ In crystallized biomolecules, the structural sensitivity of far-IR spectroscopy was demonstrated by its ability to differentiate between polypeptides where either a single amino acid was exchanged or where the sequence was altered.^[@ref69]^ Detailed information in biomolecular function was obtained by probing for example the channel-breathing motion in a polypeptide nanotube and the clamping motion of a catalytic protein.^[@ref70]^ Specifically, the Markelz group showed that the effect of an inhibitor binding to the HEWL protein could be observed via a change in the direction of the clamping motion using crystal anisotropy THz microscopy (CATM).^[@ref71]^-- Most studies focus on the hydration shell of biomolecules, as intramolecular motions of biomolecules themselves are difficult to observe due to their strong coupling to coordinated water. For example, the effect of hydrogen bonding of the studied protein with the surrounding water molecules can be observed as a disturbance in the dynamics of these water molecules. This retardation can extend up to 25 Å (8 water molecule layers) away from the studied protein, depending on the number of hydrogen bonds between the water and the protein.^[@ref72]−[@ref74]^ This strong interaction between protein and its hydration shell was used to probe (time-dependent) conformational changes such as folding or denaturing as was for example shown for different antifreeze proteins.^[@ref75]−[@ref79]^ More detailed studies on the motions of biomolecules in solution are complicated by their strong coupling to water. However, a recent breakthrough using optical Kerr-effect (OKE) spectroscopy has demonstrated the presence of underdamped motions in DNA.^[@ref80],[@ref81]^

Gas-phase far-IR action spectroscopy has been developed and applied predominantly to probe the 3D structures of metal clusters,^[@ref36],[@ref38],[@ref82]^ water and solvated ions,^[@ref83]^ astrophysical and astrochemical related molecules,^[@ref84]^ organic, hydrogen bonded molecules,^[@ref85]^ and biomolecules.^[@ref14],[@ref86],[@ref87]^ Far-IR action spectroscopy is often combined with cold methods such as molecular beam expansions and cold ion traps, using typically action spectroscopic methods such as IRPD (Infrared Photon Dissociation) of tagged ions and IR-UV ion dip spectroscopy of cooled neutral molecules.^[@ref1],[@ref88]^ To obtain structural information in the far-IR spectral region, intense and widely tunable radiation from far-IR Free Electron Lasers (FELs)^[@ref89]−[@ref91]^ is essential.

Over the years a number of techniques have been developed in order to measure the far-IR or THz response of (bio)molecules in the gas phase. The most relevant ones will be reviewed here. FT-IR spectroscopy is widely adopted, especially due to the commercially available experimental setups and versatility of this method. It is mainly used for studies in solution and condensed phases. However, gas-phase experiments on volatile molecules using either gas cells, supersonic expansions, slit jets or weakly interacting matrices were also performed, yielding high resolution spectra of for example acetylene,^[@ref92],[@ref93]^ methane,^[@ref94]^ benzene,^[@ref95]^ methanol,^[@ref96]^ and CO.^[@ref97]^ These spectra usually cover a narrow region (e.g., a single band) of the far-IR spectrum. Additionally, broad range FT-IR spectra of small biomolecules have been obtained for molecules such as *N*-methylformamide,^[@ref98]^ glycine, alanine, and their dimers.^[@ref99]^ Another technique, which is mainly advanced by the group of Saykally, is THz vibration--rotation-tunneling spectroscopy (THz-VRT spectroscopy).^[@ref100]−[@ref102]^ Here, tunable THz light is generated either by using the sum and difference frequencies that are obtained by mixing the output of an IR gas laser with tunable frequency-modulated microwaves^[@ref103]^ or by using quantum cascade lasers.^[@ref104]^ The light is then directed into a multipass cell to coincide with a supersonic expansion containing the sample molecules. By detecting the emitted radiation, very high resolution spectra can be obtained, as was shown for water complexes^[@ref102],[@ref105]^ and the propane--water dimer.^[@ref103]^ Broadband microwave spectroscopy, although technically accessing the adjacent spectral region (but overlapping the THz domain), is known for its ability to obtain precise structural information from the recorded rotational spectra. With the introduction of chirped pulse excitation,^[@ref106]^ molecules of interest include mostly volatile organic molecules such as odorants, chiral molecules, and PAHs.^[@ref84],[@ref107]−[@ref109]^ In combination with laser ablation techniques, single amino acids and recently small peptides have become within reach.^[@ref110]−[@ref113]^

Another important technique addressing the far-IR region is Raman spectroscopy. The groups of Balabin and Bar combine Raman spectroscopy with a supersonic expansion.^[@ref114]−[@ref117]^ In general, virtual states of the molecules are populated by visible light which is guided into a multipass cell. After this, the molecules will fall back to vibrational states of the electronic ground state and the molecule will emit this light which is consequently detected. Raman spectroscopy can probe states which are not allowed by IR spectroscopy, which makes the two techniques complementary. Typically, small and volatile molecules are studied with this Raman inelastic scattering processes technique, thereby elucidating structural properties of alkanes^[@ref114]^ and small amino acids such as glycine^[@ref115]^ and alanine.^[@ref116]^ Raman bands can also be used in a similar scheme as used in IR-UV ion dip spectroscopy, in a technique named ionization-loss stimulated Raman spectroscopy (ILSRS). Using REMPI as the excitation and ionization step, first the molecules are excited to a virtual state, and then a second laser (both visible SRS lasers require ∼30 mJ/pulse) is employed to scan the vibrational states.^[@ref117]−[@ref119]^ With the second laser on resonance with a vibrational state, a dip in the spectrum will be observed as the virtual states will fall back quickly to the electronic and vibrational ground state to be probed by the REMPI lasers. Molecules that are probed by this technique are relatively small, such as tryptamine^[@ref118]^ and 2-phenylethylamine.^[@ref119]^

Conformation specific far-IR spectra can also be obtained with Laser-Induced fluorescence (LIF) and/or dispersed fluorescence spectroscopy, thereby obtaining the same peak positions as in IR-UV ion dip spectroscopy.^[@ref120],[@ref121]^ Molecules that have been studied using this technique include tryptamine,^[@ref121]^ phenol (dimer),^[@ref122]^ phenol-acetylene aggregates,^[@ref123]^ and adenine.^[@ref124]^ In a similar fashion, the far-IR vibrations can also be probed via stimulated emission pumping (SEP), in which a UV pump--dump scheme is used to excite the molecules to a certain vibrational energy level of the electronic ground state. This technique holds that it is only applied to study small, volatile molecules.^[@ref125]−[@ref128]^

Ideally, to obtain and understand far-IR signatures of biomolecules, conformational selectivity, mass selectivity, and the ability to measure larger, cooled neutral peptides (i.e., using laser desorption) are combined in one single experiment. Although each of the above-mentioned techniques have their specific strengths, they are mainly limited to smaller biomolecules and/or miss the required selectivity. At this moment, far-IR ion dip spectroscopy combines these necessities and is the only method able to record the far-IR signatures of peptides of significant size and their clusters and complexes with water. Therefore, this review focuses on the results obtained with this technique.

To examine the feasibility of far-IR UV ion dip spectroscopy, phenol derivatives, such as catechol, saligenin, salicylic acid, ethylvanillin, etc., have been used as model systems.^[@ref40],[@ref85],[@ref129]^ These molecules were selected for their propensity to form intramolecular hydrogen bonds as well as for their ability to absorb UV light allowing us to apply IR-UV ion dip spectroscopy. However, compared to for example peptides, they are relatively small and mostly rigid, thereby reducing the number of degrees of freedom. This makes them ideal candidates to evaluate the performance of different static and dynamic DFT computational techniques used to predict far-IR absorption features. Two diagnostic vibrational modes that are expected to be diagnostic for the hydrogen bond strength have been identified in the far-IR, namely the hydrogen bonded OH torsion and the hydrogen bond stretching modes; see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Their frequency is assessed with respect to the hydrogen bond strength via the hydrogen bonded OH bond length ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a presents the far-IR torsion frequency, while [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b shows the traditional mid-IR OH stretching vibration. Both plots show that the shifts in frequency correlate linearly to the OH length. This holds for intramolecular (in black), but also for intermolecular hydrogen bonds (in green and blue) when studying molecule--water clusters.^[@ref40]^ In contrast, the measured frequency of these hydrogen bond deforming modes behaves asymptotically as a function of the hydrogen bond length itself, toward the frequency expected for their free OH torsion or stretch vibration, since the hydrogen bond strength decreases for increasing bond lengths. These insights provided a natural starting point for a bottom-up study into far-IR spectroscopy of isolated biological systems.

![Relation between the OH bond length and (a) the hydrogen bonded OH torsion frequency and (b) the hydrogen bonded OH stretching frequency. In black, the vibrations of the OH groups of the bare phenol derivatives; in green, the OH moieties of the phenol derivatives hydrogen bonded to one or more water molecules; and in blue, the OH vibrations of the intermolecularly hydrogen bonded water molecules. Reprinted with permission from ref ([@ref130]).](cr9b00547_0002){#fig2}

Far-IR spectroscopy offers a wealth of complementary information with respect to the mid-IR. In the first place the vibrational region that is probed is extended, but more importantly, the nature of the vibrations in that region is different. The mid-IR region probes predominantly local bend or stretch vibrations, providing information about the local environment. In contrast, the soft far-IR vibrational modes are typically delocalized over large parts of the molecule and hence are expected to be highly sensitive to the global conformational structure of molecules, i.e. to secondary structural motifs in the case of peptides. Moreover, these far-IR modes are more structurally unique. Different conformations that have identical interactions, and thus local modes, can now in principle be distinguished based on delocalized skeletal vibrations.^[@ref86]^ Second, the IR spectra of larger molecules (peptides) often suffer from increasing spectral congestion in the mid-IR region as a result of an increasing number of similar oscillators. Therefore, for large and complex systems only structural families can be identified rather than the exact structure of a single conformer.^[@ref32]−[@ref34],[@ref86],[@ref131],[@ref132]^ Besides orthogonal techniques, such as ion mobility combined with mass spectrometry for ionic molecules or the use of double or triple resonance spectroscopic schemes for neutral molecules, far-IR spectra often show a wealth of well resolved absorption bands, allowing for enhanced structural assignments, provided theoretical calculations are accurate enough in finalizing the assignment. A third advantage is that the delocalized motions can give much more fundamental insight in biomolecular function. Biomolecules are typically large systems, such as proteins and DNA, which exhibit motions across the whole molecule. These motions are not only diagnostic for their secondary structure and folding conformation,^[@ref133]^ but are also involved in biomolecular function and activity. This can be either the folding of proteins into their active conformation,^[@ref134],[@ref135]^ motions that are involved in enzymatic activity, for instance upon ligand binding,^[@ref136]^ or the formation of peptide aggregates.^[@ref87]^

In this review, we discuss the current state-of-the-art on gas-phase far-IR and THz spectroscopy of mass- and conformer-selected neutral peptides. Early experiments on tryptophan reported on the presence of resolved bands down to 100 cm^--1^.^[@ref137],[@ref138]^ However, due to poor agreement between experimental and theoretical IR spectra, this far-IR region was not used for structural assignment or mode analysis. Cirtog et al. have studied the far-IR signatures (\<800 cm^--1^) of the model peptide Ac-Phe-NH~2~ (NAPA) and its hydrated clusters using IR-UV ion dip spectroscopy with the free electron laser FELIX.^[@ref7]^ Two conformations of Ac-Phe-NH~2~···H~2~O clusters were identified in which the water molecule bridges the NH and C=O moieties of the Phe residue.^[@ref139]^ The IR experiments revealed three strong, intermolecular IR-active modes of these hydrates, namely the wagging motion of the free OH moiety of water (∼160 cm^--1^) and the in-plane (∼400 cm^--1^) and out-of-plane (∼600 cm^--1^) librations (out-of-plane wagging motions) of water; see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The shifts in the far-IR signatures between the different hydrates showed that these peptide--water modes strongly depend on the peptide conformation. Finally, the comparison between experimental features and theoretical frequencies revealed that this far-IR region is challenging for the theory, even for DFT with recent functionals and anharmonic corrections.^[@ref7],[@ref129]^ Current assignment still relies heavily on the combination of the commonly used mid-IR and the newly explored far-IR regime. In this review, we will highlight the endeavors undertaken to use dynamic DFT calculations, density functional theory molecular dynamics (DFT-MD, also referred to as BOMD for Born--Oppenheimer molecular dynamics), to assign the nature of the far-IR modes and to be able to use this rich far-IR regime for structural analysis of peptides.

![Infrared spectra of bare NAPA (C), and its two hydrated conformations (W, X) reveal the positions of wagging (orange), in-plane (purple), and out-of-plane (pink) libration modes of the water molecule. Adapted with permission from ref ([@ref7]). Copyright 2012 The American Chemical Society.](cr9b00547_0003){#fig3}

In [section [2](#sec2){ref-type="other"}](#sec2){ref-type="other"}, the spectroscopic approaches employed to record mass- and conformer-selective far-IR spectra of peptides and typical experimental setups and strategies to perform IR-UV ion dip spectroscopy are described. Subsequently, in [section [3](#sec3){ref-type="other"}](#sec3){ref-type="other"}, theoretical considerations will be lined out discussing DFT-MD simulations for vibrational spectroscopy and the newly developed graph theory for far-IR analyses. In [sections [4](#sec4){ref-type="other"}](#sec4){ref-type="other"}--[6](#sec6){ref-type="other"}, we review and discuss some of the results obtained from far-IR action spectroscopy combined with DFT-MD computations to probe specific sets of peptides ranging from dipeptides to peptide-clusters. Here, we focus first on the spectral assignment and the observed far-IR vibrational modes, followed by the theoretical developments to describe the far-IR modes. [Section [6](#sec6){ref-type="other"}](#sec6){ref-type="other"} addresses the largest peptides studied with far-IR action spectroscopy. The present review aims to shed light on experimental and theoretical strategies to decipher structural information along with scientific insights on neutral peptides from far-IR spectroscopy.

2. Gas-Phase Spectroscopy of Neutral Molecules {#sec2}
==============================================

2.1. IR--UV Ion Dip Spectroscopy {#sec2.1}
--------------------------------

The combination of experimental methods, including IR action spectroscopy, molecular beam expansion, and mass spectrometry, with quantum-chemical calculations has proven to be an excellent approach to unravel structural information on neutral, isolated biomolecules.^[@ref6],[@ref9],[@ref17],[@ref20],[@ref31],[@ref86],[@ref140]−[@ref149]^ Biomolecules often exist in multiple, stable conformations in the gas phase. The low temperature resulting from the molecular beam environment allows the neutral molecules, brought into the gas phase by thermal evaporation or laser desorption, to be probed in a conformation selective manner by using double-resonance spectroscopic schemes. These action spectroscopic methods measure a change in properties of the studied molecules resulting from its interaction with light, rather than measuring the marginal effect of molecules on the incoming light as in conventional absorption spectroscopy. In this section, the experimental methods that are currently used to obtain mass- and conformation-selective far-IR spectra have been reviewed.

### 2.1.1. Resonance Enhanced Multiphoton Ionization {#sec2.1.1}

Essential in an IR--UV ion dip spectroscopic experiment is to record the UV excitation spectrum of the studied biomolecule. This is generally done via resonance enhanced multiphoton ionization (REMPI).^[@ref150],[@ref151]^ Here, the molecules are resonantly excited to typically their first electronic excited state and subsequently ionized by the absorption of a second photon ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.a). The resulting UV excitation spectrum shows features from all conformers present in the molecular beam, including their vibrational progressions. For the experiments discussed in this review predominantly one-color, (1 + 1) REMPI has been used, where the molecules are ionized by two photons of the same energy originating from a single laser via an intermediate electronically excited state (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, left side). However, for molecules in which the excited state energy is smaller than half of the ionization energy, two-color (1 + 1′) REMPI has to be employed (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, right side). This requires the use of two independent lasers, but brings experimental flexibility as the photon energy of the second laser can be chosen freely so that one can select the amount of energy deposited in the ionized molecule. The resonantly ionized molecules are subsequently detected in a time-of-flight based mass spectrometer ([section [2.2.3](#sec2.2.3){ref-type="other"}](#sec2.2.3){ref-type="other"}) adding mass selectivity to the experiment.

![Schematic overview of the discussed spectroscopic methods, with (a) (1 + 1) and (1 + 1′) REMPI for two different conformers; (b) the resulting REMPI spectrum of the REMPI scheme show in (a), with corresponding colors; (c) IR ion dip spectroscopy; (d) a typical on/off IR spectrum; and (e) its corresponding absorbance spectrum.](cr9b00547_0004){#fig4}

Most of the peptides discussed in this review contain a UV absorbing moiety (chromophore) in the form of a phenyl ring either as part of the amino acid (for example phenylalanine), or added as a cap on the N- or C-terminus. Typically, resonant ionization occurs via their π--π\* transition in a (1 + 1) REMPI scheme with UV photons of about 260 nm. The studied peptides are nonrigid molecules and can adapt multiple conformations with different intramolecular interactions in the gas phase. These small changes in the chemical environment of the chromophore can lead to large differences in the REMPI spectra. This results in conformer selectivity of the REMPI technique; for example, by selecting a single wavelength, a single conformer can be ionized. A typical REMPI spectrum shows a wealth of peaks besides the S~1~--S~0~ origin transition ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.b). Transitions from the vibronic ground state to the vibrationally excited states of the electronically excited state are observed at higher photon energies (highlighted in violet in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b), forming a vibrational progression. Another feature that can be seen in REMPI spectra is the so-called hot band, which can be used to determine the vibrational temperature of the molecule ([section [2.2.1](#sec2.2.1){ref-type="other"}](#sec2.2.1){ref-type="other"}). This hot band can be found, even with supersonic cooling by the molecular beam, on the red side of the origin and originates from the transition from an excited vibrational state in the electronic ground state to the electronic excited state.

### 2.1.2. Far-IR Spectroscopy {#sec2.1.2}

By selecting a specific wavelength from the REMPI spectrum, a single conformer is excited, ionized, and detected, which results in a constant ion signal. The fixed UV pulse is preceded, typically by several tens to hundreds of nanoseconds, by a tunable IR laser pulse to obtain an infrared spectrum. When this IR frequency is resonant with a vibrational transition of the selected conformer, IR photon(s) are absorbed and population is transferred from the vibrational ground state to a vibrational excited level of the electronic ground state; see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. This creates a dip in the ion signal created by the UV laser as the number of produced ions is reduced, which results from either (i) different spacing between the vibrational levels in the electronic ground and excited state, (ii) reduced Franck--Condon factors, (iii) possible fragmentation of the molecule after intramolecular vibrational energy redistribution (IVR), or a combination of the three.^[@ref131]^ This IR--UV double resonance technique, first developed by Lee et al.,^[@ref152]^ is often named infrared ion dip spectroscopy (IR-IDS)^[@ref88]^ or, alternatively, resonant ion dip infrared spectroscopy (RIDIRS).^[@ref140]^ The mass and conformer selective IR spectra are typically obtained in an on/off fashion, with the UV laser probing the abundance every shot and the IR laser alternating on and off to correct for fluctuations in the signal ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d).

In IR action spectroscopy, such as the applied IR--UV ion dip method, the effect of the IR radiation on the molecules is probed rather than the absorption or attenuation of light by the molecules. By carefully selecting the experimental parameters, the ion dip spectra can be converted into absorbance spectra to compare to calculated spectra ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e). Ideally, to obtain absolute absorption cross sections, all experimental variables that influence the signal intensity have to be taken into account, such as the laser beam area, pulse length, power, photon energy, and the transmission of the windows. To obtain absolute absorbance values, the following formula is used, derived from rate equations and assuming a one photon process:with Constant a collection of constants, namely *nLhc.* Here, *n* is the number density of the molecules \[m^--3^\], *L* the path length \[m\], *h* Planck's constant, and *c* the speed of light. ν is the wavenumber of the IR light \[cm^--1^\] and is intrinsically correcting for the photon flux; *N*~off~ is the amount of detected ions when no IR light is present, and *N*~on~(*ν*) is the amount of detected ions when IR light is present. The collection *G*(ν), given byrepresents a set of parameters that is dependent on the wavelength of the light, with *S*(ν) the surface of the light beam \[m^2^\], *T*~win~*(ν*) the transmission of the window(s), *P*~0~(ν) the initial power of the light \[W\], and *Δs*(ν) the laser pulse length \[s\]. Note that since absolute absorbance intensities are difficult to determine in a molecular beam experiment (all the parameters in *G*(ν) have to be measured online), usually only relative intensities are calculated. For experiments performed in this review, we take for [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and ([2](#eq2){ref-type="disp-formula"}) that *C* = 1 and that *T*~win~*(ν*), *Δs*(ν), and *S*(ν) are constant. This results in an equation for the absorbance of

2.2. Experimental Implementations: Neutral Biomolecules in the Gas Phase {#sec2.2}
------------------------------------------------------------------------

Molecules are typically brought intact into the gas phase via heating^[@ref16],[@ref141],[@ref153]^ or laser desorption.^[@ref140],[@ref154]−[@ref166]^ Subsequently, the intact molecules are cooled down to their lowest rovibrational states by seeding them into a supersonic molecular beam expansion. Finally, the studied molecules are probed spectroscopically and detected by time-of-flight mass spectrometry. A number of research groups study neutral biomolecules in the gas phase by means of IR laser spectroscopy, thereby mainly focusing on the 3 μm and fingerprint region. The general principle of the laser desorption--molecular beam setups used by these groups is the same as for the in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} presented far-IR experiment. Minor differences between the laser desorption sources used in various research groups will be briefly discussed in the next paragraphs.

![Schematic overview of the setup as it is used in the group of Rijs with a laser desorption source, skimmer, time-of-flight mass spectrometer, UV laser, and IR laser source FELIX. The schematic layout of the FELIX free-electron laser highlights the electron accelerator, undulator, and mirrors. Adapted with permission from ref ([@ref88]). Copyright 2014 Springer Nature.](cr9b00547_0005){#fig5}

### 2.2.1. Laser Desorption {#sec2.2.1}

Nonvolatile molecules or thermally labile molecules such as peptides and other biomolecules can be brought intact into the gas phase using laser desorption coupled to a molecular beam.^[@ref154],[@ref164],[@ref165],[@ref167]^ The particular implementation of the laser desorption source varies between the several research groups. Typically, the molecules are deposited on the surface of a matrix, typically a graphite sample bar, which stimulates the intact desorption. Besides the choice of sample bar material, variations can be found in (i) sample preparation, i.e. deposition, mixed, doped, premixed, and pressed; (ii) sample bar shape, i.e. rods, bars, pressed discs, etc.; and (iii) the choice of desorption laser wavelength and power.

In general, the studied molecules are being deposited on the surface of a (graphite) sample bar, which is placed just in front of the orifice of the nozzle of a pulsed valve. A low intensity, nanosecond laser, most often a Nd:YAG laser operating at the fundamental (1064 nm) or second harmonic (532 nm) wavelength is mildly focused on the surface of the sample bar. This sample bar is translated with a stepper motor to ensure that new sample is provided at each laser shot. The intact, neutral gas-phase molecules are then directly cooled by the supersonic expansion of argon. The desorption mechanism can be described by laser-induced thermal desorption, where the graphite matrix plays a passive role as energy transmitter. The nanosecond desorption laser pulse introduces a very high heating rate in the order of 10^11^ K/s, which allows the sample molecules to desorb intact from the surface instead of fragmenting.^[@ref1],[@ref168]−[@ref173]^ It should be noted that a higher laser power and thus higher heating rate does not necessarily result in an improved signal; it might result in a larger amount of desorbed molecules, but this can easily disturb the supersonic expansion and the cooling conditions.^[@ref1]^

Different laser desorption sources have been developed by the various groups active in this field. Fujii^[@ref148],[@ref156]^ et al. and Kleinermanns^[@ref158]^ et al. both use a rotating disk as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, with the sample either mixed with graphite and pressed as a disk or deposited on the lateral side of the disk. The rotation ensures a fresh sample every laser shot. While a pressed disk allows long measuring time, it is of importance to have a very stable round disk since slight fluctuations in the roundness will lead to large fluctuations in the signal. The group of Michel Mons uses a pellet, pressed from a mixture of graphite and molecule in a 4:1 ratio,^[@ref8],[@ref160],[@ref174]−[@ref177]^ as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b, which can be translated linearly to provide new sample every laser shot. A disadvantage of the use of a pressed pellet or disc is the large amount of material that has to be used. A third possible sample matrix is a cylindrical graphite rod, comparable to the one used in the Smalley sources, as is used by the groups of Müller and Fernández.^[@ref147],[@ref166]^ Lastly a graphite sample bar, in a similar fashion linearly translatable as the pellet from Mons, is used by groups of de Vries,^[@ref154],[@ref155]^ Rijs,^[@ref1],[@ref6],[@ref13],[@ref34],[@ref40]^ Küpper,^[@ref159],[@ref178]^ Zehnacker,^[@ref179],[@ref180]^ and Zwier.^[@ref141],[@ref181]^ Here, the sample is deposited on the surface of a graphite sample bar; therefore, only a submilligram quantity of the sample is required. Typically, the sample is premixed with graphite or carbon black in a 1:1 ratio. Moreover, with the addition of an air-lock to the setup, a linear sample bar alignment allows for quick change of sample. An example of a source using a sample bar as used in the group of Rijs is presented in the inset of [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c shows a novel modification of this source, where an extra section is placed behind the desorption region to advance cooling and cluster formation. Küpper and co-workers designed a fully translational laser desorption source in the x, y, and z directions to combine with their deflection setup which allows for spatial separation of conformers using electrostatic deflection.^[@ref159],[@ref178]^Additional differences between the various laser desorption setups can be found in the type of molecular beam valves that are used. Predominantly, a General Valve (Parker) with either a 0.5 or 0.8 mm diameter nozzle is employed, with the exception of for example the group of Fujii (Even--Lavie valve),^[@ref182]^ the groups of Küpper and de Vries (cantilever piezo valve),^[@ref183]^ and the groups of de Vries and Rijs (Jordan valve).

![Three possible laser desorption sources: (a) rotating disk (reprinted with permission from ref ([@ref158]). Copyright 2003 Elsevier); (b) pressed pellet (reprinted with permission from ref ([@ref160]). Copyright 2000 Elsevier); (c) sample bar with (optional) additional expansion as used in the Rijs group.](cr9b00547_0006){#fig6}

### 2.2.2. Molecular Beams {#sec2.2.2}

In order to record high-resolution far-IR spectra, thermally evaporated or laser desorbed molecules are cooled into their rotational and vibrational ground state using a molecular beam. A supersonic expansion of inert carrier gas, such as helium and argon, is created by expanding the gas from a high-pressure reservoir into a region of (high) vacuum. Supersonic jets have been present since the 20s of the previous century.^[@ref184],[@ref185]^ Molecular beam sources are nowadays considered a very reliable and efficient technique to cool down molecules for spectroscopic investigations.^[@ref186]^

In the experiments discussed here, molecules are laser-desorbed into the collision zone of a pulsed supersonic expansion. The molecules are seeded in the carrier gas pulse, and in this expansion, the sample molecules are accelerated in the same direction as the seed gas atoms. This translational cooling takes place directly at the nozzle--desorption interface. Subsequently, low energy collisions occur, decreasing the internal energy of the large molecules. This process cools the internal degrees of freedom of the seeded molecules, so that the ensemble of molecules becomes both rotationally (1--10 K) and vibrationally (15--50 K) cold, strongly depending on the mass and complexity of the molecule.^[@ref154],[@ref163],[@ref173],[@ref187]−[@ref189]^ The cooling that occurs in the supersonic expansion is strongest immediately after the pulsed valve and decreases further downstream, so that the temperature asymptotically approaches its final value at about a distance of about 25--30 nozzle diameters downstream from the valve. The choice of the carrier gas is also of importance: Generally, more efficient cooling is obtained for larger molecules using heavier carrier gas.^[@ref155]^ Apart from that, it should always be taken into account that some atoms tend to form complexes with the molecules being studied, which can lead to additional observed conformers.^[@ref190]^

The peptides discussed in this review often can adopt multiple conformations. It is assumed that these different conformations are populated according to a Boltzmann distribution at a temperature of about 500 K before they are cooled by the molecular beam expansion.^[@ref191]−[@ref194]^ This cooling effectively freezes the peptides in local energy minima conformers as adopted due to the Boltzmann distribution. However, they are able to convert to lower energy structures when the interconversion barrier is low enough to cross. A rule of thumb that can be used for this interconversion barrier is 800 cm^--1^. This means that in the end a mix of conformers can exist that comprises the thermodynamically most stable conformers but also kinetically trapped conformers.

### 2.2.3. Time-of-Flight Mass Spectrometry {#sec2.2.3}

After the neutral molecules are desorbed and cooled by the combined laser desorption and molecular beam approach, they are typically excited and ionized in a (1 + 1) REMPI process; see [section [2.1.1](#sec2.1.1){ref-type="other"}](#sec2.1.1){ref-type="other"}. The mass-to-charge ratio of the formed ions can then easily be detected in a time-of-flight mass spectrometer (TOF-MS), as introduced by Wiley and McLaren.^[@ref195]^ This also allows identification of the mass of interest and to discriminate over formed fragments, clusters, and other ion signals resulting from contaminations. The ions of interest are accelerated using charged plates into a field free flight tube. The potential energy of the ions is converted to kinetic energy. A relation can then be made between the time (*t*~TOF~) that the ions fly from the moment of entering the flight tube and its mass over charge viawith *t*~TOF~ the flight time in seconds, *L* the length of the field free region of the time-of-flight tube, and *v* the velocity of the ion. The kinetic energy is converted to the charge (*z*) times the electric potential difference *U*. Under the assumption that the electric field is homogeneous and that the molecules are ionized halfway between the repeller and extractor plate (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}), *U* is equal to , with *V*~R~ and *V*~E~ the voltage on the repeller and extractor plate, respectively. This can be summarized in the proportionality constant *k*, which depends on the TOF and its settings, and the mass over charge ratio (*m*/*z*), allowing easy calibration with molecules with known *m*/*z* values. Ions are detected using multichannel plate detectors, which create electron cascades after ion impact. An important improvement to the time-of-flight mass spectrometer came in the 70s when the reflectron was introduced.^[@ref196]^ This configuration is positioned at the end of the TOF tube, shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, and consists of a series of cylindrically shaped electrodes with a gradually increased DC bias voltage which reflects the ions, thereby both increasing the length *L* of the TOF tube as well as correcting for ions with different initial velocities. This enhances the mass resolution considerably.^[@ref197]^ It should be noted that the above equations follow a simple approximation for a single potential difference and the multiple charged plates in the detector make for a more complex potential landscape within the flight tube. However, the travel time of an ion still follows and since all other parameters are constant within a single measurement, accurate mass separation is possible.

### 2.2.4. Far-IR Laser Sources: Use of the FELIX Free Electron Lasers {#sec2.2.4}

Free electron lasers offer the possibility to explore the low frequency vibrational motions of (bio)molecules. Since the absorption cross section of the long wavelength vibrations for biomolecules is typically very low compared to the vibrations in the fingerprint region, these high intensity IR sources with a wide tunability are needed. For far-IR spectroscopic purposes, the most utilized free electron lasers are the FELs in Berlin (Fritz Haber Institute),^[@ref91],[@ref198]^ Nijmegen (FELIX),^[@ref90],[@ref199]^ and Orsay (CLIO),^[@ref89],[@ref200]^ from which the latter two are open user facilities. These free electron lasers all have a typical micro- and macro-pulse structure. For the experiments discussed in this review, the Free Electron Laser for Infrared eXperiments (FELIX) has been used. FELIX has typical macropulse energies of 50--200 mJ and covers the region between 2.7 and 150 μm, or 67 cm^--1^ to 3700 cm^--1^, with approximately a spectral bandwidth of 0.5% of the energy in wavenumbers.

3. Theoretical Approaches {#sec3}
=========================

3.1. Overview and General Introduction of Theoretical Methods {#sec3.1}
-------------------------------------------------------------

The two main aspects in the theoretical calculations for gas-phase infrared spectroscopy are (1) to find the relevant 3D conformations and rank them by increasing order of energy (potential energy or free energy, including entropic effects) and (2) to calculate infrared spectra for a selection of these conformers in order to assign the experimentally observed spectroscopic fingerprints to 3D structures. Usually, the conformers with lower energies are selected at this stage. We are briefly reviewing both of these issues and will especially emphasize on DFT-MD dynamical IR spectroscopy and its advantages for the far-IR and THz spectral domain where vibrational anharmonicities and mode couplings have to be carefully assessed in order to achieve a 1-to-1 theory--experiment comparison. All theoretical strategies reviewed hereby rely on classical nuclei; that is, the nuclei are not treated at the quantum mechanical level but rather are treated as classical particles. Whenever the term "classical" is employed in our text, it strictly refers to "classical nuclei".

Finding minima on the potential energy surface (PES) of gas-phase molecules and clusters nowadays relies on the following general strategies. In a first stage, a dynamical exploration of the potential energy surface is performed, typically using a classical level of representation of the interactions through force field molecular dynamics simulations (FF-MD). Sufficiently high temperatures (or internal energies) are employed in order to ensure an exhaustive conformational sampling of the PES, which is especially essential for floppy gas-phase biomolecules. This step is followed by clustering of the explored conformations into families of 3D-structures, ranked by increasing order of energy (at this level of representation), thus providing a first conformational screening of the PES. A certain number of these structural families are subsequently subjected to geometry optimizations using a more precise quantum level of representation of the interactions, typically at the DFT level for a rather good compromise between accuracy and computational cost. Of course, higher levels of quantum representations can be applied at this second stage, their use being limited only by computational costs. An intermediate step consisting of a semiempirical electronic representation could also be applied, before the more computationally costly DFT level, in order to improve the first conformational screening. Semiempirical MD can also be used for the first conformational screening. These steps ensure that a large number of minima on the PES can be found, using appropriate minimization algorithms. As a final stage, clustering of the optimized 3D-structures leads to a final energy ranking of the conformations at the highest level of electronic representation one can computationally afford.

Harmonic frequencies have to be calculated in order to check that the conformations hence generated are minima on the potential energy surface. Such strategies can be found in e.g. refs ([@ref1], [@ref2], [@ref8], and [@ref201]−[@ref216]) for various gas-phase molecular systems. Exploring and localizing minima on the PES are nowadays a routine performed by all well-known classical MD and quantum chemistry packages (e.g., GROMACS, LAMMPS, Schrodinger suite, Gaussian, TURBOMOLE, ADF, Gamess, NWChem, ORCA, and for most other popular packages used in the gas-phase community). In the literature the theoretical methods and algorithms used for conformational searches on potential energy surfaces are discussed.^[@ref207],[@ref217]^ Note that MD simulations can also be coupled to more elaborate techniques such as parallel tempering, thereby enhancing the phase space sampling. In order to assign the 3D structure that is responsible for the experimental IR features, the IR frequencies will be calculated for a selection of the (lower energy) conformations found on the PES. The long-standing paradigm in the gas-phase community, which view has been challenged within the past few years, is that the lowest energy conformation should be the one providing the (best) match to the experimental spectrum. Experimentally, the formation of the lowest energy conformation is driven by a balance between kinetic, enthalpic, and entropic effects. A good example here is cis/trans isomerization of amide bonds.^[@ref218],[@ref219]^ Enthalpy will favor the formation of the lowest (enthalpy) energy structure in which typically a maximum of hydrogen bonds can be formed, while these conformers might not be entropically favored. Higher (enthalpy) energy conformers can be entropically favored instead. Added to that, kinetic effects specific to the experimental conditions (and presumably also system dependent) can be entering into the final balance, driving away from the formation of the lowest energy conformer. Kinetic trapping of high energy conformers has indeed been found increasingly more relevant.^[@ref43],[@ref179],[@ref220]−[@ref227]^

Conformational mixing can be included by a Boltzmann weighting of the individual static (harmonic or anharmonic) IR spectra or can be directly accounted for through molecular dynamics simulations (for sufficiently low energy barriers separating the conformers). In the following section, we will only review the calculation and assignment of vibrational anharmonic spectra through finite temperature molecular dynamics simulations, especially within the DFT (density functional theory) electronic representation. DFT-MD anharmonic vibrational spectroscopy is the main methodology applied up-to-now in interpreting far-IR/THz gas-phase vibrational spectra of flexible peptides, as reviewed in the application sections of this paper. We refer the reader to a recent review^[@ref207]^ where one can find details and discussions on the merits and some limitations on the calculation of static harmonic IR spectra and on discussions over static anharmonic spectra calculations, especially on using VSCF/VCI methodologies. The more recent papers by Bowman et al.,^[@ref228]−[@ref230]^ Gerber et al.,^[@ref231]^ Barone et al.,^[@ref232]^ and Sibert et al.^[@ref233]^ provide up-to-date perspectives on method developments on static anharmonic spectra calculations.

3.2. DFT-MD for Vibrational Spectroscopy {#sec3.2}
----------------------------------------

Within the well-known time-correlation function formalism in linear response theory,^[@ref234],[@ref235]^ a dynamical IR absorption spectrum is obtained viawhere β = 1/*kT, ω* is the frequency of the absorbed light, *c* is the speed of light in vacuum, *V* is the volume of the system, *ℏ* is Planck's constant, μ(*t*) is the instantaneous dipole moment vector of the system at time *t*, *δμ*(*t*) = μ(*t*) -- ⟨μ⟩ is the fluctuation with respect to the mean value and ⟨\...⟩ refers to the equilibrium time correlation function (i.e., equilibrium trajectories). In this equation *D*(ω) is a quantum correction factor, multiplying the classical line shape to correct for the violation of the detailed balance conditions by the classical treatment of nuclei and to account for zero-point motion effects related to the presence of hydrogen atoms. It is an empirical correction, which we have shown to be chosen equal to .^[@ref236]^ This correction is one of the most reliable empirical corrections from the literature.^[@ref236]−[@ref238]^ Only IR intensities are affected by this term. With such correction, one ends up with the following equation, written either in terms of time correlation function of the dipole moment fluctuations or in terms of the time correlation function of the dipole moment derivatives fluctuations:We refer elsewhere^[@ref207],[@ref229],[@ref239],[@ref240]^ for details on the advantages and limitations of dynamical anharmonic spectra calculations over static harmonic/anharmonic spectra calculations.

No harmonic approximations have been made in [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}, neither on the potential energy surface nor on the dipole moment. The only ingredients are the time evolution and fluctuations of the dipole moment of the molecular system, which are naturally obtained from MD simulations. There is therefore no need for any harmonic expansion of the transition dipole moment, nor for normal modes, in contrast to static (an)-harmonic calculations. Importantly, the vibrational modes and their frequencies are therefore not directly related to the curvature of the potential energy surface at the minima, but rather to the time evolution of the electric dipole moment of the molecular system. This is governed by the conformational dynamics at the finite temperature of the simulation. Put in other words, dynamical--anharmonic IR calculations through [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"} only rely on the time evolution of the dipole moment of the molecule, while static--harmonic IR calculations rely both on the geometry of the molecule on a minimum stationary point on the potential energy surface (PES) and on the diagonalization of a Hessian matrix to extract the frequency modes. These latter hence require an accurate calculation of the (PES) at the minimum energy geometry, as the frequencies of the vibrational modes directly reflect the curvature of the PES at this minimum stationary point. That is not the case for the dynamical--anharmonic IR calculations; there, the PES is not directly included in any of the terms in [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}. Instead, what has to be described accurately is the dipole moment surface and, more than that, the fluctuations in time of this dipole moment. As a consequence, dynamical anharmonic spectra and static harmonic spectra rely on strictly different properties, and dynamical/static spectra presumably require different levels of accuracy for the evaluation of the underlying properties.

Hence, the use for very accurate PES at a high quantum level of representation^[@ref241],[@ref242]^ might not be needed for dynamical spectra, instead accurate dipolar surfaces^[@ref86],[@ref243],[@ref244]^ or accurate "on the fly" calculations of dipole moments^[@ref207],[@ref245]^ are required. Note also that the fluctuations of the molecular dipole moment are the ingredients in [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"} rather than the absolute dipole moment values. The peak positions, intensities, and shapes directly follow from [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}. In particular the shape and broadening of the peaks result from the underlying dynamics, e.g. conformational/isomeric dynamics, H-bond dynamics, etc., and the mode-couplings sampled at a given temperature (internal energy).

Regarding the DFT-accuracy used for the electronic level of representation in all trajectories presented throughout this work; it is shown that the BLYP-D2/D3^[@ref246]−[@ref248]^ level of representation provides a robust electronic representation for dynamical spectroscopy, transferable from gas-phase molecules and clusters,^[@ref13],[@ref207],[@ref239],[@ref249],[@ref250]^ to liquid water and aqueous peptides^[@ref236],[@ref251]^ to inhomogeneous solid--water and air--water interfaces.^[@ref252]−[@ref254]^ Using BLYP-D3, far-IR/THz spectroscopy of gas-phase peptides typically shows sharp IR peaks and on average 7--10 cm^--1^ deviations of the dynamical IR band-positions from the IR-UV ion dip experimental peaks, while deviations of the order of 20--40 cm^--1^ can be obtained in the mid-IR region.^[@ref13],[@ref86],[@ref87]^ Higher levels of DFT, especially hybrid functionals (typically B3LYP, PBE0, or HSE06) increase the computational costs of the DFT-MD trajectories significantly, while their merits for dynamical vibrational spectroscopy of gas-phase molecules have not been proved.^[@ref255]^ All trajectories discussed here are obtained with classical nuclei; however, the IR line shapes are corrected for quantum nuclei effects through the prefactor in [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}, which allows us to have confidence in the rather small deviations in the peak positions between DFT-MD IR spectra and experiments.

The initial conditions for the molecular dynamics, i.e. the positions and velocities of the atoms, are respectively taken from geometry optimizations and a Boltzmann distribution centered at a given temperature *T*. A more elaborate distribution of the kinetic energy within the vibrational modes can be achieved at the initial time of the trajectory, thereby mimicking zero point energy (ZPE) quantum effects.^[@ref228],[@ref256]−[@ref258]^ Leakage of the ZPE between the modes is however observed in such (classical nuclei) trajectories,^[@ref258]−[@ref260]^ thus not conserving the ZPE per vibrational mode.

3.3. Graph Theory and Assignment of the Far-IR Vibrational Modes {#sec3.3}
----------------------------------------------------------------

Assigning vibrational modes from MD simulations is not an easy task, and several methods have been developed with variable success.^[@ref261]−[@ref267]^ None of these methods are routinely used by the MD spectroscopic theory community. Recently, an alternative theoretical method has been developed that combines atomic polar tensors (APT)--weighted dynamical IR spectral calculations and graph theory.^[@ref87]^ Such methodology overcomes well-known issues on the equipartition of energy within the vibrational modes that impedes a reliable extraction of "effective normal modes" from the MD trajectories while it directly reveals all couplings between the molecular motions (these couplings being, by construction, absent from the "effective normal modes" analyses in the literature). In a nutshell, and as shown in ref ([@ref268]), [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"} can be rewritten into where ⟨*Ṙ~m~*(*t*)·*Ṙ~m~*(0)⟩ and ⟨*Ṙ~m~*(*t*)·*Ṙ~l~*(0)⟩ are respectively the self- and cross-correlation functions of the derivatives of the internal coordinates (3*N* -- 6 nonredundant internal coordinates (IC)) and are the derivatives of the dipole moment with respect to the internal coordinates. Within a transformation these latter are the equivalent of APTs obtained in Cartesian coordinates (and readily extracted from e.g. the Gaussian quantum chemistry package). The IC velocities *Ṙ~l~*(*t*) (∀*l* and ∀*t*) are calculated by numerical derivation with a five points central difference algorithm.

[Equation [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} shows that the IR spectrum of any molecular system can be decomposed into components arising either from each IC (self-part in [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"}) or from its correlation with any other ICs (cross-part in [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"}). The most important advantage of [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} is that all self- and cross-terms take into account the IR activity of each of these components into the final decomposition, thanks to the APT components in the prefactors (i.e., ). As a consequence, each IR band located at frequency *ω*~*x*~ within the *I*(ω) total spectrum can be decomposed into well identified self- and cross-correlation contributions as follows:

Cross-correlations and their Fourier transforms, ⟨*Ṙ~m~*(*t*)·*Ṙ~l~*(0)⟩ in *I*~*IC*~*ml*~~(ω), can be positive or negative depending on the relative phase of the motions of the two ICs, therefore *I*~*IC*~*ml*~~(ω) can likewise be positive or negative. The contribution of each spectral component *I*~*IC*~*ml*~~ into the active *IR*(*ω*~*x*~) band is furthermore given by the normalized weight . In practice, the surface area of each of the peaks in the *IR*(ω) spectrum is reconstructed from the sum of the *I*~*IC*~*ml*~~ surface areas responsible for that particular peak. This is only possible because the *I*~*IC*~*ml*~~ possesses the proper IR activity. With this, we know which internal coordinates contribute to each IR band and the percentage of participation of each *I*~*IC*~*ml*~~ into the final IR band through the *w*~*ml*~ weights. This provides the individual contributions of the internal coordinates into the intensity of that particular band. Such reconstruction includes both the self-part contribution of the internal coordinates as well as all cross-parts, which is the main issue in reconstructing the full IR activity of one given band. Cut-off values for including contributions are applied.^[@ref87]^

By applying graph theory to the decomposition of the IR intensity bands described above, *I*~*IC*~*ml*~~(*ω*~*x*~) self- (*m* = *l*) and cross- (*m* ≠ *l*) contributions to any given *IR*(*ω*~*x*~) IR band are presented by a colored indirect graph, in which the vertices are composed of the self-terms and the edges are given by the cross-terms. In these graphs the weight of each of these self- and cross-terms is assigned to the corresponding vertex/edge of the graph, directly providing the composition of the anharmonic mode at a given *ω*~*x*~ frequency. There is one graph per IR band, see [Figures [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"} and [13](#fig13){ref-type="fig"} in [section [5.2](#sec5.2){ref-type="other"}](#sec5.2){ref-type="other"} and Figure S5 for examples.

Various aspects of the graph theory are highly advantageous when using this theory for mode assignments. As soon as the graph is plotted, one can immediately see the self- and cross-term contributions of the internal coordinates into the given vibrational mode. Moreover, the graphs also directly visualize whether a vibrational mode is constructed of coupled or uncoupled internal motions; that is, a graph is made of connected elements and/or disconnected elements. By the number of connected elements in the graph, the localized or delocalized character of a mode can be determined. The weights displayed on the graph provide the information on the "electronic" vs "mechanic" couplings at play in the motions in a very efficient way. ICs can be mechanically correlated without participating in the final IR. In that case, the weight of the edge on the graph would have a high value but low or even zero value on one of the connected vertices. The ultimate advantage of the graphs is the natural capability for comparing graphs and hence extract similarities, ideal for comparing vibrational modes within one molecular system or between molecular systems, as is illustrated in [section [5.2](#sec5.2){ref-type="other"}](#sec5.2){ref-type="other"}.

4. Characterization of the Far-IR Signatures of Dipeptides {#sec4}
==========================================================

4.1. Secondary Structure of Dipeptides {#sec4.1}
--------------------------------------

The first far-IR ion dip experiments on neutral, isolated dipeptides aimed to unravel whether structural information could be extracted from their far-IR signatures.^[@ref86]^ Until then, the far-IR region was not commonly employed to study the secondary structure of peptides in the gas phase, owing to the absence of strong tunable far-IR light sources, the low intensity of the vibrational transitions, and the difficulty in assigning the observed modes by quantum chemical calculations. To advance far-IR ion dip spectroscopy and to learn about the nature of the soft delocalized vibrations in biomolecules, a series of capped Ac-Phe-AA-NH~2~ dipeptides was studied. These dipeptides all contain a phenylalanine (Phe) residue, which was used as UV chromophore for resonance enhanced excitation and ionization, and a second, variable amino acid residue (AA); glycine (Gly), alanine (Ala), proline (Pro), cysteine (Cys), serine (Ser), or valine (Val). These dipeptides have been studied in detail by IR-UV ion dip spectroscopy in the mid-IR amide A, amide I, and II regions, revealing their structural preferences and conformations present.^[@ref142],[@ref175],[@ref269],[@ref270]^ This series is therefore a good test for (i) the feasibility of far-IR ion dip spectroscopy providing an indication of what signal strengths can still be measured and (ii) the current static and dynamical DFT-based theoretical methods and their performance in the far-infrared spectral domain. Once the theoretical method is validated, the origin of the far-IR vibrational modes can be revealed.

The capped Ac-Phe-AA-NH~2~ dipeptides typically fold in either a γ-turn (C7) or a β-turn (C10) geometry; see [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, where the NH~2~ terminal cap is actively participating in this intramolecular hydrogen bond interaction. The C7 γ-turn is formed by hydrogen bonding between the C=O group of residue *i* and the NH group of residue *i +* 2 or, for the dipeptides here, between C=O(*i*) and the NH group of the NH~2~ end-cap. These short-range C7 hydrogen bond interactions are relatively strong, compared for example to the weak nonlinear C5 interactions. In the short dipeptides studied here, a C10 (β-turn) results from hydrogen bonding between the C=O group from the C-terminus cap and the NH moiety from the NH~2~ cap (see [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b). Previous studies, using mid-IR ion dip spectroscopy combined with static DFT calculations, have shown that, under typical molecular beam conditions, the γ-turn conformer is observed for the Ac-Phe-Gly-NH~2~, Ac-Phe-Ala-NH~2~ and Ac-Phe-Ser-NH~2~, and Ac-Phe-Val-NH~2~ dipeptides. For the latter (Val), two conformers were identified, both with a γ-turn structure differing by the orientation of the −CH(CH~3~)~2~ residue with respect to the backbone. For both Ac-Phe-Cys-NH~2~ and Ac-Phe-Pro-NH~2~ two main conformations have been identified: one conformer with an intramolecular hydrogen bond leading to the formation of a ten membered ring (β-turn) and one to a seven membered ring (γ-turn).^[@ref142],[@ref175],[@ref269],[@ref270]^

![Typical conformational structures of Ac-Phe-AA-NH~2~ dipeptides showing (a) a γ-turn, enclosing a ring of 7 atoms and (b) a β-turn, enclosing a ring of 10 atoms. Colors: Red, oxygen; blue, nitrogen; dark gray, carbon; and light gray, hydrogen.](cr9b00547_0007){#fig7}

4.2. Far-IR Spectroscopy of Dipeptides {#sec4.2}
--------------------------------------

### 4.2.1. Spectral Assignment Using Far-IR Ion Dip Spectroscopy and DFT-MD Calculations {#sec4.2.1}

The far-IR part of the absorption spectrum of gas-phase peptides was in many aspects still an uncharted territory. The first reported far-IR spectra, on the single amino acid tryptophan, did not provide explicit information on the modes present.^[@ref137],[@ref138]^ Successively, a study on capped phenylalanine--water clusters did report on the conformer selective intermolecular modes of the hydrates; however, they noted that the current level of theory was not sufficient for a detailed structural analysis.^[@ref139]^ In the past years, the far-IR has been explored, focusing on the above-mentioned series of capped Phe-AA dipeptides. All spectra are obtained as described in [section [2.1.2](#sec2.1.2){ref-type="other"}](#sec2.1.2){ref-type="other"} using the free electron laser FELIX as the IR source. As can be seen from the black trace of [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a the far-IR spectrum of Ac-Phe-Ala-NH~2~ shows a wealth of well-resolved, narrow, and rather intense peaks throughout the complete far-IR region recorded down to 100 cm^--1^ with typical line widths of about 3 cm^--1^ (fwhm),^[@ref86]^ limited by the bandwidth of the free electron laser. Synergy between experimental observation and theoretical calculated spectra is essential to obtain structural information from these low frequency motions. To go beyond the insufficient static DFT calculations, dynamical DFT-MD ([section [3.2](#sec3.2){ref-type="other"}](#sec3.2){ref-type="other"}) was employed to structurally assign the obtained far-IR spectra. Ac-Phe-Ala-NH~2~ was assigned by Mons et al. to a γ-turn structure based on the amide A (3 μm) region.^[@ref142]^ The excellent agreement between the observed far-IR experimental spectrum (black trace) with the dynamical DFT-MD spectrum calculated for the assigned FA1 γ-turn structure (red trace) confirms this assignment; see [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a. The far-IR vibrations are extremely well reproduced by the dynamical DFT-MD spectrum, especially in the region below 500 cm^--1^ with deviations between experiment and theory of maximum 10 cm^--1^ (which lies almost within the spectral resolution). At the 500--800 cm^--1^ region the agreement is still very good, although slightly increased deviations were observed from the experiment.

![(a) Experimental spectrum (black) of Ac-Phe-Ala-NH~2~ and DFT-MD (red) and harmonic calculated spectra (green) of its assigned structure; (b) Experimental spectrum (black) of Ac-Phe-Gly-NH~2~ and DFT-MD calculated spectra of two different conformers FG3 (red) and FG4 (blue). Both (a) and (b) adapted with permission from ref ([@ref86]). Copyright 2014 John Wiley and Sons. (c) Experimental spectra (black) of two conformers of Ac-Phe-Pro-NH~2~ (γ-conformer upper panel, β-conformer lower panel), and their assigned DFT-MD spectra in color. Adapted with permission from refs ([@ref14] and [@ref86]). Copyright 2015 The Royal Society of Chemistry.](cr9b00547_0008){#fig8}

In contrast, the static, harmonic DFT calculated spectrum (green trace) was not able to accurately reproduce the far-IR signatures. Significant deviations from the experiment were observed, for both the B3LYP as well as the BLYP functional, especially for the 400--600 cm^--1^ region. Below 400 cm^--1^ several peaks were not predicted or band positions are significantly misplaced by the static DFT calculations. The B97-D functional performed reasonably well in the far-IR regime for this Ac-Phe-Ala-NH~2~ dipeptide, while in earlier work it was found that also the B97-D functional had significant problems in predicting the delocalized far-IR vibrations in amino acids and peptide--water clusters.^[@ref7]^

Recently, additional calculations using BLYP with the D3 empirical dispersion factor were performed for the Phe-AA dipeptides discussed in this review; see [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.chemrev.9b00547/suppl_file/cr9b00547_si_001.pdf). In general, as expected, the addition of the D3 term shows an improvement over the static calculations without the D3 term. These initial results show that the static DFT spectra with dispersion correction can be used to understand the far-IR signatures of peptides with limited or weak interactions. This is consistent with the findings for Z-Ala-OH discussed in [section [5.1](#sec5.1){ref-type="other"}](#sec5.1){ref-type="other"}. However, the static-DFT spectra do not provide a consistent picture; for example, they do not provide a good agreement with the far-IR spectra of NAPA--water^[@ref7]^ or have an unreliable prediction for the N--H bending vibrations in the Phe-AA dipeptides.

### 4.2.2. Unprecedented Structural Far-IR Fingerprints {#sec4.2.2}

[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b presents the experimental far-IR spectrum of Ac-Phe-Gly-NH~2~ (FG) (in black) together with the dynamical DFT-MD spectra of two iso-energetic conformers.^[@ref86]^ The experimental spectra reveal well-resolved, narrow peaks down to 100 cm^--1^. The dynamical spectra of the two FG conformers show that only the FG3 (red trace) calculated peaks coincide with the experiment. The unique peak pattern between 100 and 350 cm^--1^ is well-reproduced by the dynamical DFT-MD spectrum of FG3 and not at all by FG4 (blue trace). Although these two iso-energetic γ-turn conformations, a C7-equatorial (FG3) and C7-axial (FG4) conformer, give indistinguishable mid-IR spectra, their far-IR signatures are unique. This particular experiment showed that the far-IR brings unprecedented structural details on the present conformations and the dynamical DFT-MD spectra can be used for conclusive structural assignment.

### 4.2.3. Far-IR Conformational Selectivity {#sec4.2.3}

The third example assesses the conformational selectivity of far-IR UV ion dip spectroscopy.^[@ref14]^ These studies focused on the far-IR signatures of the dipeptide Ac-Phe-Pro-NH~2~. Experiments performed in the 3 μm region, probing the NH stretch vibrations, have shown that the backbone of this peptide can be folded in two conformations, namely a γ-turn (C7) or a β-turn (C10) geometry.^[@ref175]^ These two conformations coexist after laser desorption in the molecular beam. The mass- and conformer-selective experimental far-IR spectra of the C7 (top trace) and C10 conformer (bottom trace) are presented in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c together with their DFT-MD spectra (red and blue trace, respectively). Both experimental spectra show many well-resolved peaks in the far-IR region with typical peak widths of 3 cm^--1^, limited by the free electron laser, as was observed for Ac-Phe-Ala-NH~2~ and Ac-Phe-Gly-NH~2~ as well. Similar to previous experiments on this dipeptide family, theory and experiments show a remarkable agreement. Most theoretical band shapes, positions, and intensities match with the experiment; however, it was observed that some bands either lack intensity or carry too much intensity. This latter issue is well-known in gas-phase MD simulations because of the difficulty of achieving equipartition in the rather short time-scales of the DFT-MD, hence possibly affecting the intensities of IR bands of certain modes. One of the main goals of this combined experiment/DFT-MD study was to provide conformer selective signatures for the γ-turn versus β-turn conformers in the far-IR region. As is shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c, the 400--550 cm^--1^ domain provided this distinction between the two conformations, where a 30--40 cm^--1^ red shift is observed for the hydrogen bond signatures of the weaker C7 γ-turn.^[@ref13]^ This region predominately shows NH out-of-plane/wagging motions, thereby indirectly probing the NH···O hydrogen bond motions (see [section [4.3](#sec4.3){ref-type="other"}](#sec4.3){ref-type="other"}).

4.3. Insights on Dipeptides from the Far-IR Region {#sec4.3}
--------------------------------------------------

Besides calculating the IR spectra in order to obtain insight in the 3D conformation present in the experiment, it is key to understand the origin of the modes that contribute to observed IR absorption peaks. This can be visualized by a similar approach as was used to calculate the IR spectrum. Instead of using the total dipole moment of the system (see [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}), the intramolecular coordinate--time correlation function (named ICDOS) is determined:^[@ref86]^where *IC*~*i*~(*t*) is the time evolution of the selected internal coordinate *i*. This intramolecular coordinate can for instance be a bond length, e.g. the C=O bond length to study the C=O vibration, a dihedral angle, as used for wagging motions or even large-scale motions, where the distance between two atoms far apart is selected to look at backbone "breathing" vibrations. Only autocorrelation functions (*i* = *j*) were included for the calculation of these spectra; cross-correlations and couplings between internal coordinates can be calculated but they were ignored in the presented work. Note that they were taken into account in the dynamics. [Equation [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} gives the position in frequency of the selected internal coordinate, but the quantification of how much this particular internal coordinate contributes to the observed peak is not determined. Furthermore, when taking the time correlation of the intramolecular coordinate, the change in dipole moment is not included in this equation; for example, selection rules for vibrational spectroscopy are not taken into account. [Equations [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} and [8](#eq8){ref-type="disp-formula"} in [section [3.3](#sec3.3){ref-type="other"}](#sec3.3){ref-type="other"} do include the change in the dipole moment derivatives and would include the correct intensity of each band. However, this has not been included in the analyses presented with [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} in this work, as here the focus lied only on assigning the motions of the modes.

The first studies focused on finding discriminating modes as highlighted above for Ac-Phe-Pro-NH~2~. To generate a universal understanding of the type of motions in the far-IR domain, similarly as is present for the mid-IR fingerprint region, a general map of the motions that are responsible for the spectroscopic signatures recorded in the far-IR domain has been developed; see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Several possible structural selective modes from the Ac-Phe-AA-NH~2~ dipeptides series have been evaluated. Two types of modes are found in the far-IR/THz domain, i.e. local modes, where only one major coordinate is involved in the motion, and delocalized modes, which are a result of a large number of internal coordinates. The far-IR spectra of all the studied Ac-Phe-AA-NH~2~ dipeptides together with their DFT-MD of the assigned conformers are summarized in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.chemrev.9b00547/suppl_file/cr9b00547_si_001.pdf).

### 4.3.1. Localized Modes {#sec4.3.1}

The local modes found in the far-IR spectral range are predominantly out-of-plane wagging motions of the hydrogen atoms, i.e. ω(NH), ω(CH), ω(SH), and ω(OH), and hindered rotational motions of CH~3~ groups. The ICDOS spectra of the dihedral angles have proven to be well suited to visualize these motions since one atom has a major contribution to the wagging motion.^[@ref13]^

#### 4.3.1.1. ω(CH) of the Phenylalanine Ring (700--750 cm^--1^):^[@ref13]^ {#sec4.3.1.1}

Two types of ω(CH) out-of-plane vibrations of the phenyl ring from in the phenylalanine residue are observed, i.e. in-phase modes, where the variation in dipole moment of the individual CH moieties add up resulting in intense far-IR peaks, and out-of-phase modes, where the dipole moment variations cancel each other out. The latter were only observed when coupled to other internal coordinates. For all the capped Ac-Phe-AA-NH~2~ dipeptides, three absorption bands were identified by the ICDOS analysis at 710, 730, and 750 cm^--1^.^[@ref13]^ Although different interactions are present in the various dipeptides, such as (NH)~AA~--π interaction for the γ-turns with AA = Gly, Ala, Cys, Ser, and Val and for the β-turn of Ac-Phe-Cys-NH~2~ or the proline ring−π interaction for both the γ- and β-turn for Ac-Phe-Pro-NH~2~, the ω(CH) out-of-plane bending motions constantly appear at the same frequencies. This indicates that the ω(CH) modes are unique for these phenyl ring out-of-plane bending modes, but they are not conformer selective as they do not depend on the local peptide environment. These findings were later confirmed with the studies on the Ac-Phe-OMe monomer and dimer.^[@ref87]^

#### 4.3.1.2. ω(NH) Out-of-Plane Wagging Modes:^[@ref13]^ {#sec4.3.1.2}

The ICDOS analysis showed an amide V wagging signature for each of the two backbone NH amide groups. The ω(NH)~Phe~ mode is located between 470 and 510 cm^--1^ (highlighted in blue) and the ω(NH)~AA~ wagging between 530 and 640 cm^--1^ (gray); see [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}. The ω(NH)~Phe~ is observed within a window of 40 cm^--1^, which is not surprising as for all Ac-Phe-AA-NH~2~ dipeptides this NH~Phe~ group is involved in a weak C5 interaction with the C=O~Phe~ moiety of the same Phe residue. For the β-turn (C10) conformer of Ac-Phe-Cys-NH~2~, where the NH~Phe~ is free, the ω(NH) was found around 410--490 cm^--1^. The ω(NH)~AA~ amide V vibrations appeared in a larger frequency window, and its position depends on the chemical composition of the residue and interactions of this backbone NH with the rest of the peptide. For the γ-turns with AA= Gly, Ala, and Val (2×), there is a π-interaction between the NH~AA~ group and the phenyl ring. The corresponding ω(NH)~AA~ was identified at 530--550 cm^--1^, showing a blue shift of about 30--50 cm^--1^ with respect to ω(NH)~Phe~. The same interaction is present for the γ-turns with AA = Cys and Ser. However, as a result of the different chemical nature of the side chain containing SH and OH groups, a supplementary blue shift is observed. For the β-turn conformation of Ac-Phe-Cys-NH~2~, where NH~Cys~ has only a weak interaction with the phenyl ring, the ω(NH)~Cys~ mode is observed at 565 cm^--1^. The out-of-plane wagging mode was shown to be a diagnostic vibration for the local structural environment around the NH backbone moiety and can be included as a valuable signature for the structural assignment of peptides. These findings were confirmed by a later study on the Ac-Phe-OMe β-sheet dimer.^[@ref87]^

![DFT-MD calculations of all dipeptides, together with the ICDOS of the NH out-of-plane wagging motions ω(NH)~Phe/AA~, as indicated on the right side of the graph. The positions of ω(NH)~Phe~ highlighted in blue and ω(NH)~AA~ in gray. Adapted with permission from ref ([@ref13]). Copyright 2017 The Royal Society of Chemistry.](cr9b00547_0009){#fig9}

#### 4.3.1.3. Other Local Modes:^[@ref13]^ {#sec4.3.1.3}

The NH~2~ moiety gives rise to symmetric and antisymmetric out-of-plane wagging motions. For the antisymmetric motion (580--720 cm^--1^), the ICDOS showed a strong correlation between its frequency and the NH~2~···O=C hydrogen bond length: The stronger the hydrogen bond, the more blue-shifted the antisymmetric out-of-plane wagging signature. This relation was not observed for the symmetric NH wagging motion (400--500 cm^--1^). The ICDOS analysis was also used to identify other out-of-plane vibrations such as ω(SH) and ω(OH). The ω(OH) vibration of the Ac-Phe-Ser-NH~2~ γ-turn was found at 557 cm^--1^, while ω(SH) of the Ac-Phe-Cys-NH~2~ γ-turn appeared at 340 and 369 cm^--1^. For the β-turn conformation the ω(SH) showed activity at 288 and 310 cm^--1^. These latter values confirm the blue-shift of the wagging motion with an increase in the strength of the hydrogen bond.

Two types of spectral signatures were identified for the hindered CH~3~ rotational motions resulting from either the backbone methyl groups or the side chain methyl moieties present for AA = Val, Ala. Signatures of the terminal CH~3~ group are found below 100 cm^--1^, and the ICDOS shows that they are systematically coupled collective, delocalized modes. The side chain methyl moieties appear at higher frequencies and are typically observed in the 220 to 260 cm^--1^ window.

### 4.3.2. Delocalized Backbone Modes (0--400 cm^--1^) {#sec4.3.2}

Collective vibrational modes delocalized over the peptide backbone are present at the full far-IR range; however, their intensity dominates the range 0--400 cm^--1^. The most prominent motions are the bending (100--400 cm^--1^) and torsional (0--100 cm^--1^) large amplitude and collective motions, which are coupled and delocalized over the peptide backbone. For the dipeptides, these motions were followed by the ICDOS analysis of backbone dihedral angles. Multiple signatures of each internal coordinate were observed in the spectra, and several dihedral angles provided the same spectral signature; that is, they were observed at the same frequency. This indeed indicates that the modes are collective and delocalized over the peptide backbone. Although it is not possible to determine the percentage of participation of each internal motion to the final mode from the ICDOS, the ICDOS do reveal how many angles and dihedral angles are involved in a peak. Furthermore, principle component analysis (PCA) was used to indicate which internal coordinates are connected and which do contribute to specific observed peaks in the experimental IR spectrum.^[@ref13]^

### 4.3.3. Hydrogen Bond Signatures (0--250 cm^--1^) {#sec4.3.3}

Studies on substituted benzenes revealed two diagnostic vibrational modes related to hydrogen bond strengths in the far-IR, namely the hydrogen bonded OH torsion (ω(OH)) and the hydrogen bond stretching (ν(H-bond)) modes.^[@ref85]^ For the dipeptides, the hydrogen bond signatures have not yet fully been explored. Initial studies show that the hydrogen bond motion can be addressed via three internal coordinates, namely (i) the ν(H-bond) corresponding to the ICDOS of the hydrogen bond length, (ii) the angle NH···O δ(H-bond), and (iii) the dihedral angle NH···O=C ω(H-bond). These modes are however strongly coupled to other motions, complicating direct analysis.^[@ref255]^

All the discussed far-IR motions for peptides are summarized in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} together with well-known mid-IR vibrational modes.

5. Peptide Clusters {#sec5}
===================

Peptide clusters are of interest in a wide range of research fields, ranging from biomedicine to bioengineering.^[@ref271]−[@ref274]^ A well-known example is the aggregation of partly unfolded peptides into long, organized fibrillary structures, as is observed to coincide with a number of neurodegenerative diseases.^[@ref275]−[@ref277]^ Elucidation of the structures of small peptide clusters in the gas phase can shed light on the mechanisms that are fundamental to the aggregate formation processes. It is not trivial to prepare neutral peptide clusters in the gas phase, and since the pioneering work of Gerhards et al. on the dimer of Ac-Phe-OMe,^[@ref143]^ only a few papers have been published on dimers.^[@ref132],[@ref278]−[@ref280]^ Recently Rijs et al. demonstrated the formation of higher order peptide clusters up to the tetradecamer formed in a molecular beam via laser desorption.^[@ref6]^ The presented studies mainly focused on the mid-IR using the amide A, I, II, and III modes for structural assignment. The position of the peaks depends on the hydrogen bond interactions and is well characterized both experimentally and theoretically.^[@ref142]^

As the size and complexity increases, and hence the number of intra- and intermolecular interactions, structural elucidation becomes more challenging. The combination of mid-IR spectroscopy and static quantum chemical calculations results in the identification of structural families such as for example conformers with parallel beta-sheets, rather than providing an assignment to one specific structure with known exact orientations of side groups and side chains,^[@ref132]^ a direct result from the increasing spectral congestion. The experiments in this section show that it is insightful to include the far-IR region, especially for peptide clusters as intermolecular hydrogen bonds are probed in this far-IR regime. These bands possibly contain a wealth of extra information on the hydrogen bonded complexes. In order to relate the observed peaks to specific modes, quantum chemical calculations are essential. Results on phenol-like molecules^[@ref129]^ showed that static DFT works well for molecules with no or only weak interactions. This relation is examined for peptides as well, using a small peptide and its dimer; see [sections [5.1](#sec5.1){ref-type="other"}](#sec5.1){ref-type="other"} and [5.2](#sec5.2){ref-type="other"}. In general, static DFT works well to predict the far-IR spectrum of the observed monomer conformation for the simplest peptides only. For Ac-Phe-OMe, the far-IR is necessary to determine the orientation of the phenyl side-chain (see [section [5.2](#sec5.2){ref-type="other"}](#sec5.2){ref-type="other"}). For the peptide dimers the static calculations start to fail to predict certain peaks, when strong intermolecular interactions begin to play a role, and for these more anharmonic modes DFT-MD becomes more important. Moreover, recently Galimberti et al. explored the experimental and theoretical signatures in the far-IR of the monomer and dimer formation of Ac-Phe-OMe, initially studied in the mid-IR by Gerhards et al.^[@ref143],[@ref280],[@ref281]^ The newly developed graph theory (see [section [5.2](#sec5.2){ref-type="other"}](#sec5.2){ref-type="other"}) was shown to be a novel method to reveal the character of the observed far-IR modes.^[@ref87]^

5.1. Static-DFT versus DFT-MD for a Simple Peptide and Its Dimer {#sec5.1}
----------------------------------------------------------------

### 5.1.1. Z-Ala Monomer {#sec5.1.1}

Z-[l]{.smallcaps}-alanine--OH, abbreviated as Z-Ala (*m*/*z* 223.2), is a simple capped peptide, with the N-terminus containing a Z-cap to introduce the required UV chromophore for the IR-IDS experiments. Z-Ala is a molecule that is easy to desorb and ionize via (1 + 1) REMPI at 37589 cm^--1^. The REMPI spectrum, see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.chemrev.9b00547/suppl_file/cr9b00547_si_001.pdf), shows one dominant peak, which was used to obtain the far-IR spectrum (black trace of [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a). Using both the mid- and far-IR regions, this IR spectrum is assigned to a linear β~L~ structure (lowest in energy). It has the Z-capped group pointing in the same direction as the alanine side-group. Both static DFT (B3LYP-D3/6-311++G\*\*) and dynamic DFT-MD calculations (details are provided in [section [3.2](#sec3.2){ref-type="other"}](#sec3.2){ref-type="other"}) have been performed on the assigned structure, and their calculated IR spectra are shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a in green and red, respectively. A scaling factor of 0.976 was used to correct for anharmonicity in the static DFT spectrum. This is the same scaling factor as was used in the mid-IR region and provides the best possible overlap in both regions. The peaks above 500 cm^--1^ are generally better described by the scaled static DFT calculations; below 500 cm^--1^ DFT-MD has a slightly better agreement regarding the peak positions. For the monomer of Z-Ala both calculation methods perform well, even for the NH out-of-plane bending region around 450 cm^--1^. The absence of strong intramolecular hydrogen bonding can explain this lack of anharmonicity and thus the good overlap of the static DFT spectrum with experiment.

![Experimental far-IR spectra (black) of the (a) monomer and (b) dimer of Z-alanine--OH, together with DFT-MD (red) and static DFT (green) spectra of their assigned structures. A scaling factor for the static spectra of 0.976 is used. On the left side the assigned structures of the monomer and dimer are shown, with arrows indicating the direction of their backbones.](cr9b00547_0010){#fig10}

### 5.1.2. Z-Ala Dimer {#sec5.1.2}

The dimer of Z-Ala shows a broadened REMPI spectrum with respect to the monomer (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.chemrev.9b00547/suppl_file/cr9b00547_si_001.pdf)), with its main transition at 37420 cm^--1^. Compared to the monomer, where only weak intramolecular hydrogen bonds are involved in the β~L~ structure, the dimer can contain stronger intermolecular hydrogen bonds. An extensive conformational search was performed to map the conformational landscape. However, none of the calculated mid- and far-IR spectra of the low energetic structures showed a reasonable overlap with experiment, while only a few of the considerably higher energetic structures (over 42 kJ/mol higher) show good agreement. The common denominator of these latter structures is that all the monomeric units within these dimers have the same orientation of the backbone as the assigned monomer (β~L~) and are part of the same structural family. This is in line with previous findings, where it was demonstrated that the structures of the monomers are largely retained in the dimeric structures, favoring the stronger intermolecular hydrogen bonds over the weaker intramolecular hydrogen bonds.^[@ref132]^ However, the monomeric peptides forming the dimer are not engaged in intermolecular hydrogen bonding; that is, they are only connected through weak ring interactions.

The experimental, static, and dynamic DFT spectra are presented in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b. Both calculated spectra have a good agreement with the experimental IR spectrum, especially when compared to other structural families; see [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.chemrev.9b00547/suppl_file/cr9b00547_si_001.pdf). The dynamic DFT-MD spectrum agrees better below 400 cm^--1^, with especially the peaks around 100 cm^--1^ being predicted well. The static DFT spectrum on the other hand is slightly better above 400 cm^--1^, most notably the two peaks around 470 cm^--1^. The frequencies of the set of peaks between 650 and 800 cm^--1^ are better predicted by the dynamical spectrum, but intensities by the static DFT. The differences between the two spectra are minimal; only minor alternations between the two computational approaches are observed.

Far-IR action spectroscopy on dipeptides, as discussed in [section [4](#sec4){ref-type="other"}](#sec4){ref-type="other"}, can be a powerful tool in combination with dynamic DFT-MD calculations. Static DFT is not able to predict the far-IR vibrations for these relatively strong intramolecularly hydrogen bonded dipeptides. The Z-Ala monomer is different in this respect as it is only weakly hydrogen bonded (C5 interaction), leading to a better agreement with static DFT. The dimer of Z-Ala is an interesting case since it does not adopt the lowest energy structure but appears to be a weakly bonded complex of two β~L~ monomers via π-interactions rather than hydrogen bonds. This explains the observed similar static DFT and the dynamic DFT-MD spectra in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b, where no large differences are observed, also not in the 400--550 cm^--1^ region. As observed before,^[@ref132]^ the conformational search for dimers and higher order clusters is challenging, since the heating step in simulated annealing often results in breaking of the intermolecular hydrogen bonds. However, extensive conformational searches have to be performed in order to find the exact conformation. For this particular example, where the two monomers are frozen into their β~L~ structures and are not changing their structures in order to form stronger intermolecular hydrogen bonds, static DFT would be sufficient. For other systems, such as the strong hydrogen bonded parallel beta-sheet dimer Ac-Ala-Ala-OBn,^[@ref6]^ DFT-MD would be required in the far-IR to explain all the band positions.

5.2. Use of Graph Theory on Ac-Phe-OMe and Its β-Sheet Dimer {#sec5.2}
------------------------------------------------------------

The peptide Ac-Phe-OMe is a known model for β-sheets in the gas phase.^[@ref87],[@ref143],[@ref280],[@ref281]^ The REMPI spectrum of the Ac-Phe-OMe monomer shows a wealth of highly resolved peaks resulting from a single conformer.^[@ref87],[@ref143]^ As was previously observed for all the dipeptides presented in [section [4](#sec4){ref-type="other"}](#sec4){ref-type="other"}, the experimental far-IR spectrum showed many narrow far-IR peaks with their widths depending on the bandwidth of the free electron laser (black trace in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a). The DFT-MD (details in [section [3.2](#sec3.2){ref-type="other"}](#sec3.2){ref-type="other"}) calculated spectrum of the assigned β~L~(g^+^) conformer (red) and the β~L~(g^--^) conformer (blue) is included in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a. The theoretical spectrum of β~L~(g^+^) provides a remarkable agreement with the experiment, especially in the more conformer selective region 90--400 cm^--1^.^[@ref13],[@ref14],[@ref86]^ Here, all peaks in this region result in delocalized bending motions along the backbone and the side chain.

![(a) Experimental spectrum (black) and DFT-MD calculated spectra (red for the g^+^ conformer and blue for the g^--^ conformer) of the Ac-Phe-OMe monomer and (b) experimental spectrum (black) and assigned DFT-MD calculated spectrum (red) of the Ac-Phe-OMe dimer, together with their assigned structures. The arrows in the 3D structures indicate the direction of the backbone starting from the N-terminus. Adapted with permission from ref ([@ref87]). Copyright 2019 The Royal Society of Chemistry.](cr9b00547_0011){#fig11}

The experimental far-IR spectrum of the dimer of Ac-Phe-OMe is obtained with the UV laser at 37538.5 cm^--1^ and is assigned to a β~L~(g^+^)-β~L~(g^--^) configuration.^[@ref87]^ It is plotted in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b together with its DFT-MD calculated spectrum, again showing an excellent agreement. In the next section, we will discuss a number of selected IR bands below 800 cm^--1^ as an example of how graph theory can be used for the assignments of the modes. The graph theory method is described in [section [3.3](#sec3.3){ref-type="other"}](#sec3.3){ref-type="other"} of this review. By analyzing the graphs, insights can be obtained in which modes originate from the monomer peptides and which result from the interaction between both monomers forming the dimer.

### 5.2.1. NH Wagging Motion (450--650 cm^--1^) {#sec5.2.1}

The ω(*NH*) out-of-plane NH wagging motion is defined by the out-of-phase torsion of φ (labeled *--C*8*--N--* in the graphs) and ω (labeled −*N*--*C*9--in the graphs) using the current definitions of nonredundant internal coordinates ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}a). The monomer graphs show that the IR peaks located at 463 cm^--1^ for the g^+^ conformer and 453 cm^--1^ for g^--^ are dominated by the ω(*NH*) out-of-plane NH wagging ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}b). The large values (i.e., 134 and 39 for g^+^, 123 and 46 for g^--^) of these two motions on the vertices of the two graphs indicate that these two modes are highly localized. Only small mechanical couplings with the backbone (values on the edges, −3 and 6) are found. The out-of-phase motion between the φ and ω torsions, which appears with large negative values at the edges, defines the out-of-plane wagging motion of the NH group.

There are two main bands in the assigned dimer conformer g^+^--g^--^ that originate from the ω(NH) wagging motions, and are found at 542 and 640 cm^--1^ ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}c). The dimer ω(NH) wagging motions are ∼100--200 cm^--1^ blue-shifted with respect to the monomer bands. This blue-shift is the result of the *NH*···*O* = *C* hydrogen bonds forming the β-sheet structure in the dimer. Blue-shifts in the ω(NH) out of plane wagging motions in the far-IR/THz domain were also observed for the dipeptides discussed in [section [4](#sec4){ref-type="other"}](#sec4){ref-type="other"} and are highlighted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

The graphs for the g^+^--g^--^ dimer are more branched than the graphs for each monomer, illustrating the higher complexity arising from the intermolecular hydrogen bonded motions. The notation in the graphs with green circles carrying the ± sign indicates which monomer peptide in the dimer carries the motion, with ± for the g^+^/g^--^ peptide in the dimer, respectively. The left part of [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}c shows the graph for the 542 cm^--1^ mode that is composed of a single graph of connected lines, with several colored connected vertices. The main contributors to this mode are both NH wagging motions (−N--*C*9-- and −*C*8--*N*-- for both g^+^ and g^--^), which are mechanically coupled (see the values on the edges in the graph). The values on the vertices also show that the NH on the g^--^ peptide strand dominates the motion, despite both NH wagging motions contributing to the final IR mode. The intermolecular hydrogen bond, indicated with the yellow vertex (NH···O1), is also coupled to the NH wagging motions and is a large contributor to the final activity of the mode. The right part of [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}c shows the second mode at 640 cm^--1^, assigned to the ω(NH) wagging motions, and consists of four disconnected subgraphs. The red rectangles in both graphs of [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}c show the similarities of the left subgraph of the 640 cm^--1^ mode to the 542 cm^--1^ mode, with the same coupling to the intermolecular hydrogen bond. Other minor contributing motions, which can be seen from the values next to the vertices, to the 640 cm^--1^ mode include C=O stretching and backbone bending modes, indicated by the red and blue vertices, respectively.

![Graphs for the local ω(NH) wagging modes. (a) The orange circle highlights the dihedral angle involved in this motion. (b) The ω(NH) wagging mode for the g^+^ and g^--^ monomers positioned at 463 and 453 cm^--1^, respectively, and (c) ω(NH) wagging mode for the g^+^--g^--^ dimer at 542 and 640 cm^--1^. (d) Legend and nomenclature. Adapted with permission from ref ([@ref87]). Copyright 2019 The Royal Society of Chemistry.](cr9b00547_0012){#fig12}

### 5.2.2. Delocalized Motions at 250--280 cm^--1^ {#sec5.2.2}

The graphs of the g^+^ and g^--^ monomers corresponding to the peaks at 276 and 265 cm^--1^, respectively, show highly delocalized modes distributed over several coupled bending motions of the backbones ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}). The graphs of both peaks exhibit the same dominant contributions for the COC C-terminal bending (red rectangles) and for the CNC "central" bending of the backbone, but also for the N-terminal N--C=O and N--C--C bending motions. The values on the edges of the graph of the 276 cm^--1^ mode of the g^+^ conformer are positive, originating from in-phase coupled motions, while they can be positive or negative for the 265 cm^--1^ mode of g^--^ as a result of in-phase and out-of-phase couplings.

In the g^+^--g^--^ hydrogen bonded dimer, the discussed delocalized modes of the two peptide monomers are shifted to 271 and 257 cm^--1^, but they consist of similar contributions as was observed for the two individual monomers. Both modes are dominated by the COC C-terminal bending as indicated by the larger values on the *C*11--*O*2--*C*12 vertices in both graphs. This contribution is highlighted with the red rectangles, one for g^+^ (271 cm^--1^) and one for g^--^ (257 cm^--1^). Both COC C-terminal bending motions are systematically coupled to the intermolecular hydrogen bond motions, either through the intermolecular O···H stretching or the intermolecular -- *O*···*H*-- torsion. The COC C-terminal bending also couples to other backbone C-terminal bending motions, such as the OC=O and CCO bending motions. These can either be located on the same strand or on the other strand. The positive values on the edges of the graphs indicate the in-phase coupled motions. The "central" backbone CNC bending, which had a dominant contribution to the modes of both individual monomer conformations, does not participate in the dimer modes. This motion is inhibited by the intermolecular hydrogen bond in the peptide dimer. The contributions to the discussed delocalized modes are both of electronic and mechanical nature, as indicated by the nonzero values of the weights on the vertices and edges.

![Graphs for delocalized backbone bending modes as shown in (a) for the (b) 276/265 cm^--1^ modes, respectively, for monomers g^+^ and g^--^, and (c) the 271/257 cm^--1^ modes for the g^+^--g^--^ dimer. See [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}d for the nomenclature. Adapted with permission from ref ([@ref87]). Copyright 2019 The Royal Society of Chemistry.](cr9b00547_0013){#fig13}

### 5.2.3. Torsional Delocalized Motions at ∼200 cm^--1^ {#sec5.2.3}

A final example in the low far-IR domain is a highly delocalized torsional mode for the g^+^ monomer at 200 cm^--1^, where the coupling between the backbone motions and the side chain bending is nicely visualized ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.chemrev.9b00547/suppl_file/cr9b00547_si_001.pdf)). Each of these two motions is mechanically coupled to several other torsion and bending motions; however, these couplings do not contribute to the final IR activity (as indicated by the lack of values on the associated vertices). Similarly, the dimer mode at 197 cm^--1^ also shows multiple, decoupled bending and torsional and hydrogen bonded motions.

The use of graph theory is a powerful tool in the assignment of far-IR modes. The graphs show how many motions (stretch, bending, torsion, or hydrogen bond) are involved in each vibrational mode by means of the number of vertices. It demonstrates whether the mode is constructed of localized or delocalized motions by the edges between the vertices. It specifies the number of coupled motions that participate in this mode, along with the weight each of the motions brings to the final IR mode. Graph theory makes it easy to compare between two graphs, which makes this method ideal to characterize the far-IR modes of peptide clusters. The evaluation of the monomer and dimer graphs provides information on (dis)-similarities between the far-IR modes.

6. Outlook to Larger Systems {#sec6}
============================

The application of far-IR spectroscopy with DFT-MD has proven to be successful for the structural analysis for medium-sized peptides and their aggregates as discussed in [sections [4](#sec4){ref-type="other"}](#sec4){ref-type="other"} and [5](#sec5){ref-type="other"}. The important next challenge would be to evaluate its use for larger peptides. In a preliminary study, the far-IR signatures of a series of capped polyalanine peptides, namely Z-Ala~3~-NHMe, Z-Ala~4~-NH~2~, and Z-Ala~6~-NH~2~, are explored to unravel present intramolecular hydrogen bond stretching vibrations.^[@ref282]^ For all three peptides it holds that the far-IR spectra all show well-resolved peaks; even for the largest Z-Ala~6~-NH~2~ sharp peaks are observed in the region below 200 cm^--1^, where the hydrogen bond stretching vibrations are expected (see [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.chemrev.9b00547/suppl_file/cr9b00547_si_001.pdf)). Furthermore, for this review we have studied the far-IR response of gramicidin A and C, two 15 amino acid residue peptides, which were previously studied in the mid-IR in a collaboration with de Vries et al.^[@ref155],[@ref283]^

6.1. Mini-proteins: How Large Can We Go in the Far-IR? {#sec6.1}
------------------------------------------------------

Gramicidin is found in the bacteria *Basillus Brevis* and is often used as an exemplar channel protein.^[@ref284]−[@ref286]^ It is a linear polypeptide built up of 15 (hydrophobic) amino acids, with a formyl cap on the N-terminal side and an ethanolamine cap on the C-terminal side. Bacterial gramicidin is a mixture of three types of gramicidin which differ by the amino acid residue on the 11th position, resulting in gramicidin A (gA, with tryptophan on position 11), gramicidin B (gB, phenylalanine), and gramicidin C (gC, tyrosine). Additionally, each type also exhibits a minor second alteration (5--20%), where the valine residue on the first place is replaced by isoleucine. As can be seen from the mass spectrum in [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}, gA has the most dominant contribution (about 80%), followed by gC (15%) and only 5% of gramicidin is made up of gB. In contradiction to most natural occurring proteins, gramicidin contains not only L-forms but also D-isomers, in an alternating fashion.^[@ref287]^ In the condensed phase it is found that gramicidin forms a β-helix,^[@ref288]^ which is preserved in the gas phase as shown by the IR-UV ion dip experiments in the 3 μm region^[@ref283]^ and the 1000--1800 cm^--1^ fingerprint region.^[@ref155]^

![Mass spectrum of the gramicidin mixture, showing the distribution of gramicidin A, B, and C (gA, gB, and gC, respectively). The peptide sequence is shown on the left, and the assigned structure on the right, looking from the top through the channel.](cr9b00547_0014){#fig14}

In this review, we present results on a recent far-IR study of gramicidin A and C. Gramicidin B was not included as the contribution of gB in the natural gramicidin sample is too low to record the far-IR with a decent signal-to-noise ratio. The far-IR spectra of gA and gC, recorded from 90 to 850 cm^--1^ are presented in [Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"}. In coincidence with the mid-IR results, the two far-IR spectra of gA and gC show strong resemblance, although the spectrum of gC appears somewhat noisier resulting from the lower contribution in the sample which corresponds to a weaker UV signal. In the far-IR region a number of peaks can be distinguished from a broad continuous IR activity. A clear and intense peak at 739 cm^--1^ is observed and a second, smaller peak at 573 cm^--1^. At lower frequencies a number of distinct bands can be observed: Two broader peaks at 429 cm^--1^ and a large one at 393 cm^--1^, a feature around 305 cm^--1^ and a smaller peak around 220 cm^--1^. In agreement with the experimental far-IR spectra, the static DFT calculations (at the DFT/SV(P) level of theory employing a TPSS functional)^[@ref155]^ show a similar large density of modes in this region with a few intense bands at specific frequencies. However, the exact positions of the calculated frequencies should be handled with care. Dynamic-DFT calculations are currently on their way.

![Experimental (black) spectra of gramicidin A (top) and C (middle panel), together with their static DFT calculations. The asterisk in the gramicidin C spectrum indicates the position of the OH torsional mode. The lower panel shows the difference spectrum between the two (gA--gC), meaning intensity below the zero line (black dots) is more intense for gramicidin C and vice versa. The two main deviations are indicated with the black arrows.](cr9b00547_0015){#fig15}

Although at first sight the two far-IR spectra of gA and gC appear to be very similar, when their difference spectrum is plotted (gA minus gC), clear deviations between their two far-IR signatures appear; see the bottom panel of [Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"}. We highlight two main differences between the two spectra: a distinct higher intensity feature at 221 cm^--1^, which is more pronounced for gA, and the most prominent difference with a gain for gC at 300 cm^--1^. The increased band for gA at 221 cm^--1^ originates most likely from butterfly motions of the four tryptophan residues present in gA, whereas gC has only 3. A characteristic peak at 300 cm^--1^ is observed in gC with respect to gA (and also to gB, not shown here). Since these three varieties of gramicidin only differ in their sequences at the 11th position, this peak most likely results from the OH out-of-plane torsion of the tyrosine of gC.

The out-of-plane torsion vibration of the OH moiety in relation to its hydrogen bond strength has been extensively studied via far-IR experiments focusing on a number of phenol-like molecules, such as catechol and saliginin.^[@ref85],[@ref129]^ In phenol, in essence the same as the side group of tyrosine, the OH out-of-plane torsional mode was observed at 309 cm^--1^, which was confirmed by both static (an)-harmonic and dynamic DFT calculations. As a result of this high similarity of the tyrosine residue with the unperturbed phenol, the similarities between the far-IR spectra of gA and gC, except for this peak, and the theoretical calculations point to a large contribution of this mode; see the star in the blue trace in [Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"}. We assign this peak to the out-of-plane torsional mode of a free OH group. This confirms that the tyrosine OH is not involved in hydrogen bonding.

These far-IR studies on large peptides and mini-proteins show that well-resolved signatures are still present when going to larger and more complex systems. Currently, DFT-MD calculations for gramicidin are under way. Gaigeot et al. have shown recently that DFT-MD can be routinely applied to molecular systems composed of \>1000 atoms and on systems in the condensed phase, both of comparable or larger size than the molecules shown here.^[@ref253]^

7. Concluding Remarks and Outlook {#sec7}
=================================

This review discusses the recent developments in far-IR action spectroscopy of neutral peptides. The use of far-IR light opened up a novel and complementary direction to provide insights into the structure of biomolecules. Additional vibrational modes, both local and delocalized, are available in the far-IR regime, often providing unprecedented structural characterization and insights in collective backbone motions of the studied peptides. We have provided a detailed overview of the various techniques that have to be employed to obtain the mass- and conformation-selective far-IR spectra ([section [2](#sec2){ref-type="other"}](#sec2){ref-type="other"}) of cold, gas-phase peptides. The application of IR spectroscopy to larger molecules has relied on the significant experimental progress in the last few years. With advances in laser desorption, it is now possible not only to vaporize low vapor pressure small and medium-sized peptides intact into the gas phase but also to employ this method to large peptide aggregates and mini-proteins. The understanding of the observed far-IR signatures depends heavily on the interplay between experiment and theory. Coinciding with the experimental progress also the theoretical methods have been advanced for the far-IR analysis of large biomolecules ([section [3](#sec3){ref-type="other"}](#sec3){ref-type="other"}). We have shown that finite temperature DFT-based molecular dynamics (DFT-MD) simulations is a suitable theoretical strategy for extracting local and delocalized modes, especially those that have an anharmonic character such as the out-of-plane wagging motions. The (an)-harmonic static DFT calculations work well in combination with the near- and mid-IR spectroscopy to assign the structure of biomolecules and to find a reasonable match between experiment and theory; however, they are inconsistent in predicting peak positions and intensities in the far-IR region. The work presented here shows that DFT-based molecular dynamics simulations are successful in elucidating the 3D structures of peptides ([section [4](#sec4){ref-type="other"}](#sec4){ref-type="other"}), peptide clusters ([section [5](#sec5){ref-type="other"}](#sec5){ref-type="other"}), and their interactions in the far-IR/THz spectral domain. We also review the use of graph theory for vibrational modes assignments, revealing the intra- and intermolecular motions responsible for these vibrational modes. It should be noted that the experimental and theoretical methods discussed in this review are not restricted to peptides only. Far-IR action spectroscopy has recently been applied to nucleobases, polyaromatic hydrocarbons (PAHs),^[@ref84]^ and (hydrated) benzene-derivatives^[@ref40],[@ref85]^ and has proven to be equally powerful for those systems as well.

The next important challenge is to evaluate the application of far-IR spectroscopy with DFT-MD for the structural analysis of larger and more complex biomolecular systems. Where the mid-IR region of for example a hexapeptide is already congested with overlapping absorption bands, the far-IR regime still shows a striking collection of resolved absorption bands with a full width at half-maximum of 3 cm^--1^ down to 100 cm^--1^. When moving toward the 15 amino-acid peptide gramicidin, spectral congestion also starts to play a role in the far-IR region. However, unique features are still present in the far-IR spectra ([section [6](#sec6){ref-type="other"}](#sec6){ref-type="other"}). The use of DFT-MD does not only allow us to reveal the modes present in the far-IR; possible conformational dynamics present in the studied molecule are included in the simulation, provided that the energy barrier separating the conformations is low enough to surpass at a given temperature. Resulting signatures of conformational changes, which involve collective large amplitude motions, will be found in the far-IR regime. Currently, far-IR spectroscopy is only applied to study cold, neutral molecules. In recent experiments, we have shown that far-IR spectroscopy can be exploited in combination with room temperature mass spectrometry to study the far-IR signatures of deprotonated nucleotides; far-IR ion spectra down to 300--400 cm^--1^ using infrared multiple photon dissociation (IRMPD) were recorded.^[@ref209]^ As the field of gas-phase far-IR spectroscopy to probe biomolecular structure and structural changes is still relatively new, novel developments and research directions are expected to emerge from future endeavors.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00547](https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00547?goto=supporting-info).Experimental far-IR spectra of dipeptides, their assigned DFT-MD spectra and additional static BLYP-D3 calculations; REMPI spectra, experimental and calculated IR spectra of the Z-alanine dimer; graph theory on delocalized torsional modes of the monomers and dimer of Ac-Phe-OMe; experimental far-IR spectra of larger alanine containing peptides ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.chemrev.9b00547/suppl_file/cr9b00547_si_001.pdf))
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:   atomic polar tensor

BOMD

:   Born--Oppenheimer molecular dynamics

Cys

:   cysteine

DFT

:   density functional theory

DFT-MD

:   density functional theory--molecular dynamics

DNA

:   deoxyribonucleic acid

FEL

:   free-electron laser

FELIX

:   free-electron lasers for infrared experiments

FF-MD

:   force-field molecular dynamics

fwhm

:   full-width at half maximum

Gly

:   glycine

IC

:   internal coordinate

ICDOS

:   internal coordinate density of states

IR

:   infrared

IR-IDS

:   infrared ion dip spectroscopy

IRPD

:   infrared photon dissociation

IVR

:   intramolecular vibrational energy redistribution

MD

:   molecular dynamics

MS

:   mass spectrometry

NAPA

:   *N*-acetyl-phenylalanine-amide

Nd:YAG

:   neodymium-doped yttrium aluminum garnet

PCA

:   principle component analysis

PES

:   potential energy surface

Phe

:   phenylalanine

Pro

:   proline

REMPI

:   resonance enhanced multiphoton ionization

RIDIRS

:   resonant ion dip infrared spectroscopy

Ser

:   serine

THz

:   terahertz

TOF

:   time-of-flight

UV

:   ultraviolet

Val

:   valine

Z-cap

:   benzyl formate cap

ZPE

:   zero-point energy
